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FOREWORD 


This report covers a program conducted as a supplemental 
task within a 12-month NASA gas generator technology 
contract, NAS9- 13003. 

Acknowledgment is given to Messrs. R. Binsley. A. Jacobs, 
J. Hill, W. T. Chandler, and T. MacNamara ol ketdyne 
for their technical contribution to this pr- 


ABSTRACT 

The results of a program conducted to evaluate materials 
for construction of a Space Shuttle hydrazine monopro- 
pellant gas generator are presented in this report. The 
program was designed to select those materials that main- 
tain the properties of strength and ductility after expo- 
sure to an 1800 F nitriding environment for 1000 hours. 
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INTRODUCTION 


The decomposition of hydrazine in a gas generator produces ammonia, which in turn 
dissociates through surface contacts to form nitrogen. This nitrogen diffuses 
into the alloy and combines with the alloying elements to form nitrides that act 
to harden, and adversely affect other material properties, such as strength, 
elongation, and fatigue characteristics. In the Space Shuttle APU hydrazine gas 
generator, metal surfaces are subjected to ammonia at temperatures of 1800 F for 
long periods of time. These high temperatures and long durations not only reduce 
material strength, but also increase the nitriding process. 

Asa supplemental task within a NASA gas generator technology contract, a program 
was initiated to evaluate gas generator material candidates, by subjecting the 
materials to a 1800 F nitriding environment for 1000 hours. 
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SUMMARY AND CONCLUSIONS 


All materials studied experienced nit riding to some degree after exposure to a 
simulated 1800 F hydrazine decomposition environment. Nitriding caused a change 
in the grain structure of the material specimens and in such properties as hard* 
ness, ductility, and strength. An increase in both weight and thickness of the 
specimens was also evidznt. 

Of those materials investigated which are suitable for use in the gas generator, 
that is, those that are weldable and have a yield strength in excess of 4000 psi, 
the INCO 600 was least degraded by the 1800 F nitriding environment. A yield 
strength in excess of 8000 psi and a 50«hour rupture strength in excess of 5000 psi 
are desirable for a material for use as the structural wall of the gas generator. 
For this purpose, INCO 617 demonstrated the least loss of ductility and high- 
temperature elongation. 

Results of the high- temperature tensile tests, room-temperature bend tests, and 
microstructure analysis of the material specimens are summarized in Table 1. 

None of the high-strength materials would provide a suitably high confidence 
level for long-duration use in an 1800 F nitriding environment. A redesign of 
the gas generator was mandatory to reduce the maximum structural wall tempera- 
ture to 1600 F, and hence decrease the material property degradation due to 
nitriding. This was achieved by a dual-wall, exhaust gas regenerative design 
shown in Fig. 1 , INCO 600 was selected for the low- stressed thermal bed 
screens and liner, and INCO 617 was selected for the structural chamber wall and 
injector. Haynes 188 and L605 were considered a second-best choice for the 
redesigned gas generator structural wall, which is exposed to reduced gas tem- 
peratures of 1400 to 1600 F. 
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TABLE 1. SUMM^vT - MATERIAL NITRIDING STUDY 


Specimen 

1800 F 
field 
Strength 
(psi) 

• 

1800 F 
Elongation 
(percent) 

Room 

Temperature 
Ductility 
(Bend Angle) 

Hardness Percent 
Increase at 
Depth >0.010 inch 

Comments 




Test Results 

100 Hours 


INCO 600 

8,100 

14.0 

180 (crack) 

3.0 

Flaking of specimen. 

INCO 617 

21,500 

18.0 

25-30 (broke) 



Haynes 188 

23,100 

7.5 

0 (broke) 

8.0 


L605 




18.0 


Screens 
(INCO 600) 



180 (no crack) 


3.5-percent increase 
in weight 

Screen Pack 
(INCO 600) 





2-percent increase in 
weight 



400 Hours Test Results 



Multimet 

15,700 

52.0 

0 (broke) 


100-hours specimen 
snapped when tapped 
at room temperature 

MAR-M-509 

26,700 

12.0 

0 (broke) 


Cast alloy 

MAR-M-246 

45,400 

2.0 

10-15 (broke) 


Cast alloy, non- 
weldable 

TD NI 

3,600 

38.0 

180 (no crack) 


Too soft (welding 
results in loss of 
strength) 
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1600 F (50 HRS) 
1400 F (950 HRS) 


1650 F 


INCO 600 SCREENS 


Figure 1. Features of Rocketdyne Design NAS9- 13003 



DISCUSSION 


SELECTION OF CANDIDATE MATERIALS 

Thermal distribution of the original gas generator desi(>n is shown in Fig. 2. 

The gas generator structural wall reached a maximum tempeiature 1745 F and th*: 
thermal screens approximately 1850 F under steady-state maximum power conditions. 
Based on maximum steady-state operating pressures of 660 psia and transient pres- 
sures of 1000 psia, the required wall yield strength is 6800 psi and rupture 
strength is 4500 psi (using a safety factor of 1.5 and an 0.21-inch wall chamber). 
In selecting candidate materials it was assumed that the structural wail is ex- 
posed to a temperature of 1800 F for 100 hours, representing maximum power opera- 
tion, and to a temperature of 1600 F for 900 hours, representing idle power 
operation. 

The properties of various materials were scanned in an attempt to isolate those 
that combine high strength at 1800 F together with a low percentage of nitride- 
forming elements. Figure 3 presents the results of this analysis. The 0.2- 
percent yield strength is plotted in Fig. 3A, and Fig. 3B shows the 100-hour 
rupture strength as a function of total percentage of nitride formers. 

Note that INCO 600 has the lowest percentage (16.5) of nitride formers (with the 
exception of the nonweldable TD nickel); however, its strength is low compared to 
the yield and rupture strength requirements stated above. On the other hand, 
while INCO 718, Hastelloy B, Rene 41, Hastelloy C, and INCO 625 have a yield 
strength above the 6800 psi requirement, their 100-hour rupture strength capa- 
bility is near zero at 1800 F. On the basis of this comparison, candidate mate- 
rials were selected for use in the evaluation program. The selected materials 
were divided into two groups: five prime candidates and four secondary candi- 

dates (Table 2). The candidate materials were machined into tensile specimens 
according to Rocketdyne specification TF-250. 
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IQQ PERCENT POWER LEVEL 



Figure 2. Plight-Type Gas Generator Temperature Distribution Test Data 




YIELD STRENGTH AT l800 r, KSI lOO-HOUR RUPTURE STRENGTH AT l80U 



Figure 3. Comparison of Candidate Materials 


TABLE 2. CANDIDATE MATERIALS 


Prime Candidates 

Secondary Cundi dates 

L60S 

Haynes 188 
Inconel 617 
Inconel 600 
Nickel 270 

Multimet 

TD Nickel (nonweldable) 
MAR-M-509 

MAR-M-246 (nonweldable) 


With the exception of the Nickel 270, the prime candidates all represent weldable 
alloys suitable for use as the gas generator structural wall. The INCO 600, 
being of lower strength, is not suitable for the structural wall unless the wall 
thickness is increased from 0.21 inch (Fig. 3). The Ni 270 and INCO 600 materi- 
als may be used as screen materials or in another low-strength application. The 
Ni 270, being void of nitride formers, also represents a control sample. 

The secondary materials, which would undergo less extensive testing than the 
primary candiaates, were estimated to have a lower probability of usefulness for 
the gas generator, due to fabrication considerations or percent of nitride 
formers. 

Two chrome-pl.ited INCO 617 tensile specimens (0.002-inch plate) were also 
included for t<>e purpose of evaluating the resistivity of the plating to nitride 
penetration of the parent material. One of the plated specimens was oxidized in 
air for four hours at 1200 F before nitride exposure. 

In addition to the tensile specimens, four individual INCO screens and two 
1/2- inch- thick brazed screen packs were included ii. the 1000-hour test. The 
screens were all constructed of 20 mesh x 0.025-inch-diaraeter wire. The screen 
pack was brazed around the outer cyclindrical surface with a Palniro No. 4 braze 
consisting of 30-percent gold, 34-percent platinum, and 36-percent nickel. The 
braze alloy melting point is 2136 F, but after alloying with the INCO 600 screen 
material the probable melting temperature is in excess of 2200 F. 
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A photograph of tlie material tensile specimens and brazed screen pack is shovm 
in Pig. 4 . 

TEST PROGRAM 

All the tensile specimens and screens were installed in a 2-1/4-inch diameter, 

18- inch long cylinder through v4iich 1800 F NH^' gas, at atmospheric pressure, 
was introduced. As a result of dissociation of the NH^ gas passing through the 
cylinder, an 1800 F gas generator environment with 60 percent NH^ dissociation 
was approximated. All material samples were c'*eaned, weighed, and measured 
before installation in the oven. Pour samples each of the primary candidate 
tensile specimens, three samples each of the secondary candidate tensile speci- 
mens, and two samples of the chrome-plated INCO 617 specimens were fabricated. 

The test program is outlined in Table 3 . 

TEST RESULTS 

Tensile specimens were weighed and their thickness measured before and after 
exposure to the 1800 F nitriding environment. These data are shown in Appendix A. 
The data for samples 2 and 3 (10 hours and 100 hours) of the primary candidate 
specimens are shown on page 40 ; sample 3 (100 hours) data of the secondary can- 
didate specimens are shown on page 41 ; and sample 4 (1000 hours) data of both 
the primary and secondary candidates on pages 42 and 43, respectively. 

High- temperature (1800 F) tensile test data of the specimens are presented in 
Appendix B. Sample 1 (unexposed), sample 2 (10 hours), and sample 3 (100 hours) 
of the primary candidate specimens are shown on pages 46 , 47 , and 48 , 

respectively. Sample 1 (unexposed) and sample 3 (100 hours) of the secondary 
candidate specimens are shown on page 49. Sample 4 of both the primary and 
secondary candidate specimens is shown on page 50. 

All tensile testing was conducted at 1800 F with an argon atmosphere protecting 
the specimen during the entire test cycle. Heat-up time was approximately 
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MATERIAL SPECIMENS 




MATERIAL NITRIDING TEST 



i 1800 F NITRIDING ENVIRONMENT 
EXPOSURE FOR 10, 100, 1000 HRS 


• TENSILE SPECIMENS 

• thermal bed screens 

• BRAZED SCREEN PACK 


;| INCO 600 
: INCO 617 
HAYNES 188 
L605 
n; 270 


MULTI MET 
MA^ '1-509 
MAk M-246 
TD Ni 


Figure 4. 1000-Hours Material Nitriding Test Progran 


\BLE 3. TEST PROGRAM 


Time 


0 1 . 


Action 


Weigh and uicasure four samples each of the primary candi 
date (PC) specimens. 


2. Install samples 2, 3, and 4 of the PC tensile specimens 
into the oven. 


3. Tensile test sample 1 of PC specimens (unexposed). 

4. Install INCO 600 screens (4) and one of the brazed screen 
packs into the oven. 

5. A schematic of the oven test setup is shown below: 


sample k X BRAZED SCREEN PACK 





■SAMPLE 2 
•TEST CYLINDER 


CIRCULATED NHo 
GAS 0800 F) 


4 INDIVIDUAL SCREENS 


10 

Hours 


1. Remove sample No. 2 from oven. Move samples No. 3 and 4 
upstream so that sample 3 is in the former position of 
sample 2. 

2. Measure, weigh, and tensile test sample 2 of PC specimens. 

3. Remove screen pack from oven, v:.brate on shake table, and 
replace in oven. Vibration characteristics were as 
follows: 


Maximum Frequency = 120 Hz 

Maximum Amplitude 0.062 inch 

Peak Acceleration = 20 to 30 g at 120 Hz 
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TABLE 3. (Continued) 


Time 


100 

Hours 


1 . 


Action 


Remove sample 3 of PC specimens from oven. Move sample 4 
upstream to the former position of sample 3. 


2. Measure, weigh, and tensile test sample 3 of PC specimens 
aft'*'^ 100 hours exposure. 


3. Remove screen pack from oven, vibrate on shake table, and 
replace. 


603 

Hours 


1. Weigh and measure three samples each of secondary candi- 
date specimens and the two chrome-plated INCO 617 
specimens. 

2. Install samples 3 and 4 of the secondary candidate (SC) 
tensile specimens into the oven together with the two 
chrome-plated specimens. 

3. Tensile test sample 1 of the SC specimens. 

4. A schematic of the oven test setup at this time is shown 
below. 



SAMPLE (SC SPECIMENS) + 2 CHROME- 
PLATED SPECIMENS) 

k INDIVIDUAL SCREENS 


v//_Z 






-BRAZED 
SCREEN PACK 


SAMPLE 3 (SC SPECIMENS) 


SW1PLE U (PC SPECIMENS) 
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TABLE 3. (Concluded) 


Time 


Action 

703 

1. 

Remove sample 3 of SC specimens from oven; measure and 

Hours 


weigh. 


2. 

Tensile test sample 3 of SC specimens after 100-hour 
exposure 

1000 

1. 

Remove all material specimens from oven; measure and weigh. 

Hours 

2. 

Tensilj test sample 4 of PC specimens, and sample 4 of SC 
specimens. 


3. 

Conduct hardness penetration test on samples 1, 2, and 3 
(0-, 10- , and 100-hour exposure) of the INCO 600, L605, 
and Haynes 188 specimens. 


4. 

Conduct a room temperature bend test on the sample 4 ten- 
sile specimens after tensile testing. 


S. 

Conduct a room temperature bend test on the 1000-hour ex- 
posed screens. 


6. 

Take- micrographs of tensile specimens after various exposure 
♦ • 


7. 

Analyze low-cycle fatigue characteristics of the Haynes 188, 
INCO 600, and L605 based on the tensile test data. 
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1 hour and 20 minutes, plus 10 minutes for stabilizing at the test temperature, 
plus 5 minutes for the test. The total exposure of each tensile specimen to high 
temperatures (over 1600 F) in argon was approximately 55 minutes. 

Figures 5 through 13 present results of the tensile testing and the weight and 
thickness measurements for all the specimens. The 1000-hour strength data for 
Ni 270 (Fig. 8) was not available because of damage to the tensile specimens 
following the oven test. Also, due to shortage of L605 material, no sample 4 
test specimen was available for the 1000-hour test data (Fig. 9). 

In general, the tensile specimens experienced either little change or an increase 
in both yield and ultimate strength. Percent elongation and reduction of area 
percentages were significantly reduced with exposure time, with the exception of 
Multimet and TD N '1. Multimet, which recorded an increase in percent elonga- 
tion after 400 hours exposure, indicated extremely low room temperature ductility; 
the 100-hour tensile specimen snapped when accidentally tapped with a tool. TD 
Nickel, which also recorded an increase in percent elongation after 400 hours 
exposure, had substantially lower strength (less than 5000 psi yield) than 
expected. Of the remaining high-strength materials (yield strength in excess of 
15,000 psi), INCO 617 demonstrated the highest percent elongation after 1000 hours 
exposure, and L605 the highest after 100 hours exposure. 

The materials showed either a small change or an increase in surface hardness 
after 400 hours exposure, with the exception of MAR-M-246 (an unweldable cast 
alloy), TD Nickel, and INCO 600. 

The two chromeplated INCO 617 specimens lost their coatings during the iOO-hour 
exposure period. The 1/2-inch Inconel 600 screen pack showed a 1.96-percent 
increase in weight and a 5.13-percent increase in length after 1000 hours. The 
screen pack was removed from the oven after 10 hours and 100 hours and was 
vibrated on a shake table. After 1000 hours, the braze was intact and appeared 
satisfactory for use in a gas generator bed. 
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Figure 5. Material Nitriding Experiment - INCO 600 







EXPOSURE TIME, HOURS 


Figure 6. Material Nitriding Experiment - INCO 617 
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Figure 7. Material Nitriding Experiment 
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Figure 8. Material Nitriding Experiment - Ni 270 




Figure 9. Material Nitriding Study - L605 
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Figure 12. Material Nitriding Study - TD Nickel 







EXPOSURE TIME, HOURS 

Figure 13. Material Nitriding Study - MAR-M-246, (Nonweldable, Cast Alloy) 





Transverse hardness tests were conducted on the INCO 600, L605, and Haynes 188 
specimens following tensile tests of the 0-, 10- , and 100-hour samples to evalu- 
ate both the nitriding rate and effect on hardness. The data are presented on 
pages S2 through 54 of Appendix C Figures 14 through 16 present the results 
of these tests. In the construction of these curves, inverse hardness (filar 
unit penetration) is plotted as a function of distance from the tensile specimen 
surface. For example, in Fig. 14, the 0-hour sample had a relatively constant 
hardness across the 0.049-inch-thick specimen, being only slightly harder at the 
surface; after 10 hours of exposure, the hardness increased at the surface, but 
was unaffected beyond a depth of 0.010 inch. 

After 100 hours of exposure, the INCO 600 indicated the least increase in hard- 
ness for depths greater than 0.010 inch. Surface hardness for the 100-hour 
INCO 600 specimen was also minimum. Of the two high-strength materials (L605 
and Haynes 188) , the Haynes 188 indicated least increase in hardness beyond 
0.010 inch. 

Bend tests were made on sample 4 (maximum exposure time) of the tensile test 
specimens and the individual screens (Fig. 17 and 18). After an 180-degree bend, 
the screen was inspected under a microscope. No cracks of the wire were evident. 

Results of the tensile specimen bend testing are shown in Table 4. A slight crack 
was evident after the INCO 600, 1000-hour exposure, specimen was bent 180 degrees. 
This represents the highest room temperature ductility of all the test specimens 
examined. Of the high-yield strength materi ..s, INCO 617 experienced the highest 
room temperature ductility after 400 hours of exposure. Even the INCO 617, how- 
ever, indicated a substantial loss in ductility. The 0-hour control sample was 
bent 180 degrees with no cracks; whereas, after 1000 hours, a break occurred at 
a 25- to 30-degree bend angle. Metal lographic specimens of the INCO 617, INCO 600, 
and Haynes 188 materials were prepared from the tensile test bars and are shown 
in Fig. 19 and 20. These specimens show the effect of the nitriding environment 
on the grain structure as a function of time. Figure 19 illustrates that the INCO 
600 grain structure was affected for a depth of at least 0.005 inch after 100 hours 
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PENETRATION, FILAR UNITS 






PENETRATION, FILAR UNITS 
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Figure 15. Material Nitriding Experiment Transverse Hardness 
Haynes 188 Tensile Specimen, (Exposed Both Sides) 



PENETRATION, FILAR UNITS 



Figure 16. Material Nitriding Experiment Transverse Hardness- 
L60S Tensile Specimen, (Exposed Both Sides) 
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TABLE 4. TENSILE SPECIMEN 


Sainple 

Material (Exposure Tine) Bend Angle, degrees 

INCO 600 4 (1000 hours) 180 (slight crack) 

Multimet 4 (397 hours) 0 

INCO 617 4 (1000 hours) 25 to 30 (broke) 

3 (100 hours) 45 (cracked) 

2 (10 hours) 180 (no crack) 

1 (0 hours) 180 (no crack) 

Haynes 188 4 (1000 hours) 0 

TC Ni 4 (397 hours) 180 (no crack) 

J4AR M-509 4 (397 hours) 0 


MAR M-246 


4 (397 hours) 


10 to 15 


AND BEND TEST 


Visual Inspection of Tensile Specimen 

Brittle dark scale. Base material ductile. 

Brittle dark scale, 0.003>inch thick, peeling. 

Brighter material below scale is also cracked 
in reduced section of specimen. 

Sample 4: dark scale*like coating, 0.0015- 

thick. Small cracks near edge of bar, and 
near fracture on the flat surface. 


Dark scale-like coating (0.003- inch- thick) 
all over, but not flaking off. 

Bright surface. No scale. Surface is 
cracked near fracture. 

Blue-gray scale which is cracked only near 
fracture. Coating thickness is 0.0015 inch. 


Dark surface, extremely thin scale thickness 
with cracking. 






100-HOUR EXPOSURE lOOO-HOUft EXPOSURE 

Figure 20. Micrograph of Test Specimen Tensile Specimens Exposed to 
1800 F Nitriding Environment, Magnification - lOOX 
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exposure. After 10 hours the affected depth was only 0.001 inch. Figure 20 com- 
pares INCO 617 with Haynes 188. The nitride appears to have penetrated the Haynes 
188 grain structure more severely than the INCO 617 after both 100-hours and 
1000 -hours exposure. 

Low-cycle fatigue information was computed from the reduction of area and 
ultimate strength data obtained during the tensile tests. A measure of the low- 
cycle fatigue charrcteristicr is obtained by relating strain range per stress 
cycle (Ac) to the number of cycles to failure (N^). An increase in the strain 
range reduces the number of cycles to failure in accordance with the following 
relations: 


where 


Ae = 

Ae + Ae^ 
p e 

Ae * 

total strain range 


plastic strain range 

^e “ 

elastic strain range 

ACp » 

(%)•■ 

* 

3.50y 



O) 


Manson Coffin Law (2) 


Basquin Law (3) 


where 


D “ fi) flOO/lOO-RAjt fracture ductility 
RA* = reduction area, percent 
» cycles to failure 
Oy* « ultimate strength 
E ° Young's module^ 


* RA and Oy obtained from tensile test data. 
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The 10- , and 100*hour tensile test data for the Haynes 188, INCO 600, and 
^1605 specimens were used to generate low-cycle fatigue curves in Fig. 21 through 
23. The INCO 600, with zero hours of nitridihg exrusure, is capable of 750 
cycles of operation before failure, each cycle incorporating a 3-percent strain 
range. After 100 hours of exposure to an 1800 F nitriding environment, failure 
will result after only 250 such cycles. In comparison, the L605, after 100-hours 
exposure, is capable of 155 cycles of 3- percent strain range before failure; and 
the Haynes 188, after 100 hours, is capable of 85 cycles of 3-percent strain 
range before failure. 
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APPf^DIX A 


TENSILE SPECIMEN WEIGHT AND THICKNESS MEASUREMENT 
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2TTM>^r^E 

A DIVISION or NORTH AMERICAN ROCMWEIL CORPORATION 
MATERIALS AND PROCESSES DEPT 

TENSILE TEST DATA REPORT 



COMMENTS 



rORM A IOA«t MIV lo-cr 


RiOUCSfEIK 
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P» I 
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ROO: K T D Y E 

A DIVitlON or NOUTH AMFAICAN ROCMWCtL COAPOAATlON 

MATERIALS AND PROCESSES DEPT. 

TENSILE TEST DATA REPORT 


MATERIAL 

SPECIFICATION 

JOB DESCRIPTION^ 
CHARGE NO Z22. 


MAXIMUM REQUIREMENTS 


.CONDITION. 


.LABORATORY NO . 
DATE SUBMITTED^ 


.SUBMITTED BY. 



DENOTES FLAW IN BAR 
BAR BROKE OUTSIDE GAGE MARK 
BAR BROKE AT GAGE MARK 
DENOTES ERRATIC CURVE 


Rt TED SY_y^ 
HOUR'S EXPENDED. 
APPROVED BY 
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et A 


















CODE: < F > DENOTES FLAW IN BAR 

( O ) BAR BROKE OU'i SIDE GAGE MARK 
(G) BAR BROKE AT GAGE MARK 
(C) DENOTES ERRATIC CURVE 

»OliW • «o« M MW 


REPORTED BV, 
hours EXPENDE 
APPROVED BV- 





tlQUiSTit 
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CODE: (T) 

(O) 
(G) 
iE) 

womm M «o« M Mtv to t 


DENOTES FLAW IN BAR 
BAR BROKE OUTSIDE GAGE MARK 
BAR BROKE AT GAGE MARK 
DENOTES ERRATIC CURVE 


REPORTED BY, 
HOURS EXPENDED. 
APPROVED BY 




.DATE it 




-DATE. 


lEOUiSTER 
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ROCK Enr D Y r« E 

A Division or north antrican rockwcu corporation 

materials and processes dept 

TENSILE TEST aTA REPORT 


MATERlAL >y/7^ 

specification. 


JOB DESCRIPTION. 
CHARGE NO .0.2- 


MAXIMUM REQUIREMENTS 


.CONDITION. 


0^30 C> 


.LABORATORY NO. 
.DATE SUBMITTED. 




.SUBMITTED BY. 


<351113253 



DENOTES FLi^W IN BAR 
BAR BROKE OUTSIDE GAGE MARK 
BAR BROKE AT GAGE MARK 
DENOTES ERRATIC CURVE 


HOURS CXPENOeO 
APPROVED BY 


»OKM A lOA-M AtV lO>«9 


ICOUfSTEI 
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APPENDIX C 


HARNESS PENETRATIVE TESTS 
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